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ABSTRACT 
In the present work, the ion formation process ofMALDI, including both 
protonation and cationization, were studied The effect ofpH and inorganic salt 
concentration on the MALDI experiments were evaluated. Samples under 
different pH conditions and sodium salts quantities were analyzed. The pH 
conditions were adjusted by using Bronsted and Lewis bases, NaOH and 
imidazole, respectively. At high pH condition, analyte molecule-ion signals were 
suppressed in both cases. Complete quenching ofanalyte ion signal was, however, 
observed in the case ofBronsted base only. It is proposed that the use ofBronsted 
base would introduce additional inorganic salts into sample mixture. High 
concentration of inorganic salts and at high pH conditions seems to exert 
substantial perturbation in the matrix-analyte co-crystallization and thereby 
quenching the analyte ion signals. 
In order to find out the possible sources of proton for ion generation in 
MALDI, matrices with and without exchangeable proton were used in the MALDI 
experiments. Fully deuteriated matrix and/or solvents have also been used. Non-
exchangeable proton from matrix molecule and exchangeable protonjrom solvent 
molecule were shown to contribute protons for the formation of protonated 
molecule-ions. Factors governing the choice of protonation and cationization -
processes in MADLI have also been investigated. Through literature searching 
and experiments using nitrogen-containing polymers as analytes, it wasfound that 
almost all the nitrogen containing compounds have the capability to generate 
protonated molecule-ions. 
Cationization ofdifferent classes of analytes, including a-cyclodextrin and 
polymers with and without exchangeable protons, using divalent and trivalent 
X 
metal ions have been demonstrated. There exists a very high tendencyfor the 
formation of singly charged quasimolecular ions upon the attachment ofdivalent 
or trivalent metal ions. These singly charged species can heformed by adduction 
ofdivalent or trivalent metal ions with simultaneous deprotonation ofthe analyte 
molecules or simultaneous adduction of divalent or trivalent metal ion and an 
appropriate number of deprotonated matrix moiety (or anion of the metal salts) 
onto the analyte molecules. Based on the available results, it is proposed solid-
state molecular pre-arrangement might be a possible model to account for the 




1.1. MASS SPECTROMETRY FOR MACROMOLECULAR ANALYSIS 
The ability to determine the primary structure of macromolecules is very 
important for the advancement of biotechnology and polymer sciences. The most 
important parameter required to establish the structure of macromolecules is the 
molecular mass. The most widely used technique for mass measurement in biological 
samples is sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 
SDS-PAGE has been a pivot tool in biological sciences due to its power to visualize 
and quantify the protein contents of a sample and also to provide important 
information on the relative molecular weights of various protein components. In 
polymer sciences, size-exclusion chromatography, viscometry and laser-light 
scattering techniques have been widely used. Most of these techniques have, however, 
mass uncertainties o f5 to 10%>^ Recently, mass spectrometry have been used for 
mass measurement ofmacromolecules, which can provide much higher resolution and 
accuracy. In a typical mass spectrometric analysis, sample is volatilized and ionized. 
Gas phase ions formed in the source region are sorted according to their mass-to-
charge ratios. However, the usage of conventional mass spectrometric techniques (e.g. 
electron impact and chemical ionization) are limited in measuring molecules with 
molecular mass within a few hundred mass units. This limitation is especially 
important for biomolecules because ofthe size, thermally labile and low volatility. 
During the past decades, a number of desorption/ionization techniques have 
— — 1 — 一 
been developed. Examples include field desorption (FD),'"' thermospray 
ionization(TI),6 fast atom bombardment(FAB)/-^' secondary ion mass 
spectrometry(SEVIS)，n，i2 plasma desorption (PD)' ' ' ' ' and laser desorption(LD)/'-'' 
These techniques enable mass spectrometry to measure biomolecules with masses up 
to tens of thousands Daltons. Recently, the development of matrix-assisted laser 
desorption/ionization (MALDI)^^'^^ and electrospray ionization (ESI)^ '^^ ^ have even 
22 23 "L 
extended the accessible mass range to several hundreds kilo-daltons.， These two 
techniques have proved to be useful for the characterization of different classes of 
biomolecules, such as peptidesZproteins^25 oligonucelotides,^^'^^ and 
oligosaccharides.28，29 in most of the analytical applications, MALDI and ESI 
techniques are found to be compliment with each other>^®'^ ^ This is especially 
important in the analysis ofsynthetic polymers. ESI have been reported to be function 
32 
well in the analysis of polar polymers such as poly(methyl methacrylate) and 
polyethylene oxide.^^ Polymers with non-polar nature, such as polystyrene, seem to 
be incompatible with the ESI method.^^ MALDI is, however, possible to measure 
both polar and non-polar polymers through the protonation and cationization 
processes, respectively. The cations (used in the latter case) are mainly alkali metal 
ions and silver ion, respectively. The selection of cation attachment is related to the 
polarity of polymer. Polar polymers favor to form both alkali metal and silver-
attached quasimolecular ions while non-polar polymers prefer to have silver ion 
a t t a c h m e n t . 3 5 Another problem associated with the synthetic polymer mass analysis in 
ESI is that higher molecular weight polymers, especially polar polymer, are likely to 
be observed as multiply charged ion peaks in the mass spectra. Consequently, the 
——2 "~ 
spectra are more complex and more difficult to be interpreted.^^ Evaluation on 
MALDI used in polymer analysis have been reported. Some of them have compared 
37 38 
the results obtained in MALDI and gel permeation chromatography (GPC).， 
Because of the high resolving power of mass spectrometry, end group analysis of 
polymers is possible with MALDI-MS. 
At present, MALDI has become one of the important techniques for 
macromolecule analysis. However, its sensitivity varies with different classes of 
analyte. With the limited understanding of mechanism of ion generation in MALDI, 
improvement of analytical ability can only be achieved by trail and error. It is a 
general consensus that a better understanding of the mechanism of gas-phase ion 
formation under MALDI conditions is very important to extend the application ofthis 
novel technique. 
1.2. LASER DESORPTION 
Laser has been used for generating ions in mass spectrometry in past several 
decades. After the first application of intense laser photons for forming intact 
molecule-ions from organic compounds,^^ systematic studies on the use of laser beam 
for ion generation have been undertaken^^'^^ and several reviews have been 
published.45-47 it is generally found that pulse laser with pulse-width in nanosecond 
time scale is suitable for use in laser desorption. Short duration of laser irradiation 
can avoid substantial decomposition of thermally labile molecules. 
In early laser desorption experiments, sample molecules usually undergo 
resonant absorption of the photon energy. The sudden input of photon energy cause 
resonant excitation; and thermal heating of sample molecules lead to the phase 
transition. Molecules with higher molecular mass normally require higher laser 
power. However, high input energy will also induce photo-fragmentation of 
molecules. There seems to have an upper limit for the size of sample molecules being 
desorbed in direct laser desorption experiments. The limit mass for biomolecules is 
-1000 Da and is up to 6000 Da for synthetic p o l y m e r s , 8 
1.3. DEVELOPMENT OF MATRIX-ASSISTED LASER DESORPTION/IOMZATION 
The breakthrough towards higher mass limit came with the discovery of using 
matrix in laser desorption, which was introduced by Tanaka et al.^ ^ and Hillenkamp et 
al.i9 in 1988. They are two independent research groups. Both of them have the same 
idea of using absorbing materials to enhance the desorption of analyte molecules. 
The method introduced by Tanaka et al/^ involves the use of ultra fine metal powder 
(300A cobalt powder) suspended in glycerol. By applying pulsed nitrogen laser to the 
sample mixture, intact molecule-ions of protein with masses up to 34 kDa were 
generated. While the method of Hillenkamp et al/^ used nicotinic acid (an organic 
compound that highly absorbed an applied laser wavelength) as matrix with a 
concentration of 500 times higher than analytes, intact protein molecule-ion of mass 
over lOOkDa were detected. The former method required nano-moles of protein for 
analysis while picomoles of samples was enough for the latter method. The use of 
organic compounds as matrices are more popular than using ultra fine metal powder in 
__ 4 --
MALDI experiment. 
1 . 4 . MATRIX-ASSISTED LASER DESORPTIOMONIZATION 
MALDI has become one of the important methods for fast and sensitive 
analysis of biomolecules and synthetic polymers. Analyte with mass up to several 
hundreds kilo-daltons could be detected in MALDI.^ '^^ '^^ ° Sensitivity in the range of 
femto-mole to atto-mole range can be detected.^^'^^ This technique have been used in 
the analysis different classes of macromolecules such as p r o t e i n s / p e p t i d e s , 
o l i g o n u c l e o t i d e s , 2 6 polysaccharides^^ and polymers.^ ^"^^ Both the mass and structure 
information of analyte can be obtained in MALDI experiments. It is, however, noted 
that this technique shows different degrees of sensitivity towards different classes of 
molecules. Factors governing the success of MALDI experiment is still not well 
understood. Currently, the selection of matrix and sample preparation methods are 
known to be critical factors. Their effects on the ionization and desorption processes 
remain, however, unclear. 
In MALDI experiment, the analyte molecules are mixed with a suitable matrix 
in molar ratios of the order of 1:1000 or higher. The sample is excited by a pulsed 
^ 
beam of photon at a wavelength in which the matrix molecules have high absorbance. 
As the laser photons bombard onto the sample mixture, desorption and ionization of 
molecules occur. Matrices are ejected along with intact analyte molecules and ions. 
These ions are extracted to the analyzer for mass separation and are detected by 
detector. 
1.4.1. Laser 
Both JK and UV wavelength laser have been used in MALDI-MS. The most 
commonly used UV laser are Nd:YAG (266 nm or 355 nm) and nitrogen (337 nm) 
lasers. Nitrogen laser is particularly attractive due to low cost and ease of operation. 
Usable ER lasers include TEA CO2^ ^ laser and Er:YAG laser,^^ which emit at the 
wavelengths of 10.6 i^m and 2.94 ^m, respectively. Laser protons at El and UV 
regions excite molecules to their ro-vibrational and electronic states, respectively. 
1.4.2. Matrix Selection 
In MALDI, the utility of a matrix depends on the class of analyte. Different 
matrices should be selected for the analysis of different classes of compounds. The 
selection of proper matrix material and sample preparation method in MALDI are 
critical to the success of the analysis. In the past decade, hundreds of organic 
compounds have been tested as effective matrices in MALDI. However, only limited 
number ofthem are found to be useful. It is generally believed that matrix (a) absorbs 
laser light and transfers the photon energy to the translation motion of analyte; (b) 
isolates the analyte molecules from each other and prevents the aggregation of analyte 
molecules; and (c) plays a critical role in desorbing and ionizing neutral molecules 
into gas-phase ions.^ '^^ ^ With these notions, matrix materials need to have high 
absorbance at the wavelength of the laser. Other criteria include the miscibility of 
matrix with analyte in condense phase, high stability in vacuum system and low 
reactivity towards the analyte.^^ Because of the insufficient information of MALDI 
- - 6 --
mechanism, systematic correlation between the chemical structure of matrix and the 
success of MALDI analysis have not been found. Searching of effective matrix is 
usually performed by trial-and-error. 
1.4.3. Sample Preparation Methodology 
It is generally believed that sample morphology plays a critical role in the 
success ofthe MALDI analysis. A number of sample preparation methods have been 
developed.6o-68 The conventional sample preparation method involves mixing of the 
analyte and matrix solutions. A small amount of the sample mixture is then deposited 
onto sample plate and is allowed to dry under different conditions. In situations in 
which the analyte and matrix solutions are not miscible, solutions are normally 
deposited by using layer by layer method.^° Apart from the miscibility ofthe matrix-
analyte solutions, parameters such as inorganic salt concentration,^^'^^ solvent 
evaporation rate,^^ type of substrate^ '^^ ^ and sample deposition method^^"^^ have also 
been found to affect the sample morphology. Almost all of the sample preparation 
methods developed aim at improving the homogeneity of matrix-analyte co-crystals. 
It is a general consensus that high homogeneity of sample crystals improves the 
reproducibility and molecule-ion signals. 
1.4.4. Ion Formation Process(es) 
Ion formation is(are) an important fundamental process(es) in mass 
spectrometry to obtain mass and hence structural-related information on the 
compounds ofinterest. Molecules which fail to be ionized cannot be analyzed by mass 
spectrometry. This implies that analysis of compounds, which are not currently 
amendable to the MALDI technique, might become feasible if more information on 
the mechanism of ionization can be obtained. 
With the current understanding on the mechanism of ion generation in MALDI 
experiments, it is generally believed that there exists an initial axial velocity o f � 7 0 0 
to 800 ms_i for the MALDI desorbed ions and molecules.^^'^^ This velocity is 
independent ofthe extraction field and the masses of the molecules. This implies that 
the desorption of molecule under MALDI condition has mainly mechanical element 
and seems to be independent of the ionization process. 
1.4.4,1. Desorption 
Several mechanisms have been proposed to model the phenomenon of phase 
transformation of molecules from condensed phase into gas phase under MALDI 
conditions. These desorption models has recently been reviewed by Vertes and 
Gijbels.7i In the “Cool Plume Model，，/� matrix molecules absorb the irradiated laser 
energy and become excited to their vibrational and electronic excited states. The 
excited matrix molecules transfer excess energy to analyte through lattice vibration 
and lead to a micro-explosion. The dynamic gas expansion exhibits some sort of 
cooling effect towards the entrained analyte. Intact thermally labile macromolecules 
can therefore be d e s o r b e d and ionized. Similarly in the “ Pressure Pulse Model’，/] 
--8 --
laser photons penetrate into the solid sample and deposit energy onto the solid lattice. 
This produces a pressure gradient. Upon exceeding a threshold value, this pressure 
gradient drives the expansion ofthe surface layer and leads to the phase transition. In 
the UV-MALDI experiments, photon energy deposition leads to electronic excitation 
ofmatrix molecules. Quick internal conversion processes lead to vibrationally excited 
ground states. Part of the matrix molecules will undergo decomposition and another 
part will transfer their energy to the non-absorbing analyte molecules through the 
lattice vibration.74 The lattice is cooled by the phase transformation and transfers 
energy to analyte molecules. 
"Electron Transition Model"^ '^^ ^ is a totally different model. It is proposed that 
the laser photons excite the surface adsorbate complex to a repulsive antibonding 
electronic state. Relaxation of this excited state drives the adsorbate away from the 
surface. 
1.4.4.2. Ionization 
The exact mechanism involved in the ionization process(es) in MALDI 
remains controversial. It is generally believed that the matrix molecules play a key 
role in the ion formation process. Through impingement of laser photons, thermal 
and electronic (for UV-laser) or ro-vibrational (for IR-laser) excitations of the matrix 
molecules occur. In MALDI, thermal ionization is not a feasible mechanism. 
Introduction of thermal energy would induce decomposition of thermally labile 
compounds. In practice, intact molecule-ions of thermally sensitive molecules and 
— 9 — 
very large biomolecules have been detected. In addition, laser-induced thermal 
desorption mass spectrum shows distinct difference in comparison with the normal 
MALDI mass spectrum for the same peptide s a m p l e s / ? Laser-induced thermal 
desorption mass spectrum shows exclusively cationized molecule-ions, whereas, 
MALDI mass spectrum exhibits predominantly protonated molecule-ions. It is 
therefore believed that the ion formation process in MALDI involves photochemical 
reactions. 
Several models have been used to account for the generation of analyte molecule-
ions in MALDI.58,78-84 " m o s t all ofthem have been focused on positive-ion mode. 
These models are as follows : 
(a) Direct photoionization and photofragmentation of analyte molecules by incident 
photons. In this model, the laser power plays an important role in the ionization 
process. This pathway can however only be applied to analytes which have high 
absorbance in the wavelength of the incident laser, such as oligometallocenes 
compounds.85 In this model, matrix molecules contribute to the desorption process 
only. 
(b) Electronic excitation of matrix molecule (mH). The excited matrix molecules 
(mH*) transfer their protons to the co-desorbed neutral analyte molecules (A). 
mH + hv — mH* 
mH* + A 今 m" + [A+H]+ 
mH* + mH — m' + [mH + H]+ 
(c) Photoionization of matrix molecules into radical cations (mH+*). The radical 
cations serve as reagent ions for chemical ionization of the co-desorbed analyte 
- - 1 0 --
molecules. 
mH + nhv — mH+* + e" 
mKT + A 今 m. + [A+H]+ 
mKT + m H ^ m " + [mH + H f 
[mH + H]+ + A — mH + [A+H]+ 
In this model, the stability of matrix radical cation and protonated matrix ion 
governs the yield of protonated analyte ion. 
Chan et al.^ '^^ ^ demonstrated that there exists certain experimental 
conditions in which intense protonated analyte ions are formed without any significant 
amount of matrix-derived ions. Since the amount of matrix derived ions depend on 
the molar ratio of the matrix and analyte molecules, it is postulated that the 
suppression ofmatrix ion signal was due to the unfavorable competition ofprotons by 
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the matrix molecules as compared to the co-desorbed analyte molecules. ‘ In 
addition, Gimon-Kinsel et al.^ ^ reported that there exists a correlation between the 
intensity ofthe protonated analyte ion signal and the acidity of the matrix molecules at 
gas phase. It is also interesting to find that metastable fragmentation ofanalytes seems 
to be matrix dependent.^® Matrix molecules with low proton affinity usually produce 
high intensity of analyte ion and more metastable fragments. 
Although most ofthe mechanistic studies in MALDI have been focused 
on the protonation process, cationization process plays a vital role in the ionization of 
polymers and oligosaccharides. Liao and Allison^^ proposed that formation of metal 
attached quasimolecular ion might be derived from direct capture of metal ions by the 
- 1 1 --
analyte molecules in gas phase. This postulation is based on the fact that neutral 
analyte molecules could be desorbed by laser beam of low/sub-threshold fluence.'^ 
The desorbed neutral analyte molecules could be cationized by independently 
desorbed metal ions. In addition, the intensity of the quasimolecular ion signal was 
found to increase with the delay time ofion extraction. These observation have led to 
a postulation that ionization process(es) proceeds after the desorption process, i.e. gas 
phase ionization. 
1.5. TlME-OF-FLIGHT MASS SPECTROMETRY 
The common mass analyzer used in conjunction with MALDI method is time-
of-flight mass spectrometer (TOF-MS). TOF-MS was first reported by Wiley and 
McLaren9i in 1955. It is a simple and inexpensive instrument with high sensitivity 
and no theoretical upper mass limit. The mass-to-charge ratio (nVz) of an ion can be 
determinated through the measurement of time for the ion to travel from the source 
region to the detector. Figure 1.1 illustrates the basic components of a linear TOF 
mass spectrometer. In a TOF mass spectrometer, a packet of ions are generated in the 
source region and are accelerated to a fixed kinetic energy. Ions of different mass-to-
charge ratios will then have different terminal velocities. These ions are then allowed 
to pass through a long field-free drift region and hit onto a detector. Ions of different 
mass-to-charge ratios will separate into a series of discrete ion packets depending on 
their velocities. Ions with lower mass-to-charge ratios travel at higher velocities and 
have shorter flight time through the field-free region. Mass spectrum can be obtained 









































































































































by converting the time into mass-to-charge scale. The general equation between the 
mass of an ion (m) and its flight-time (t) is shown below, where L is the length ofthe 
flight path (in meters), z is the number of charge, V is the potential difference 
between the sample stage and the counter electrode and q is an unit electron charge. 
t 二 L . ] C ^ Y 2 qzv 
(1) 
Mass calibration can be achieved by using a simple linear equation : 
m/z = at2 + b (2) 
where a and b are constants and are determined by measuring the flight times of two 
ions ofknown masses. 
The resolution o fa linear TOF instrument is limited. Broadening of ion peaks 
can result from broad energy spread of the ions; temporal and spatial distribution of 
ion formation; and fast metastable decays.^ '^^ '^^ ^ Improvement of mass resolution can 
be achieved by adding an ion mirror (reflectron) at the end of the linear TOF 
spectrometer. Reflectron TOF-MS was first demonstrated by Manyrin and co-
workers.94 The reflectron composes of a series of rings and / or grids with a gradient 
of different voltages. The voltages increase from zero to a value slightly greater than 
the voltage at sample stage. Figure 1.2 illustrates a schematic diagram of a typical 
reflectron TOF mass spectrometer. After passing through the field-free draft region, 
ions will penetrate into the reflectron. Under the influence of the retarding electric 
field, the ions decelerate and eventually convert all the kinetic energies into 
corresponding potential energies. Ions are then re-accelerated in opposite direction 




















































































































and exit from the reflectron. The exiting energies of the ions are identical to their 
incoming energies but with a velocity in the opposite direction. Ions of the same 
mass-to-charge ratio and with higher kinetic energies will penetrate deeper into the 
reflectron and have a longer flight-path than that of the low energy ions. The lower 
energy ions can therefore arrive at the same time as the high energy ions at the 
detectors. This results in a substantial improvement in the resolution ofthe TOF mass 
spectrometer. 
1 . 6 . OUTLINE OF THE PRESENT WORK 
The principal objective of this work relates to the study of ion formation 
process(es) in the positive ion mode ofMALDI. The first part deals with the effects of 
pH and salt concentration on the ion yield of the analyte ions. The main objective of 
this work includes the influence of Bronsted base, Lewis base and inorganic salts 
concentration on the MALDI experiments. The results are presented in Chapter 
Three. The sources of proton to generate protonated analyte ions are determined and 
reported in Chapter Four. Matrices with and without exchangeable proton were used 
in the experiments. The fully deuterated matrix and solvents were used to track down 
all the possible sources of proton. Chapter Five is divided into two parts. The first 
part concerns with the factors that govern the choice of protonation and cationization 
of analyte molecules under MALDI conditions. The second part relates to the charge 
state of quasimolecular ions and the form of adduct ions generated under cationization 
conditions. Finally, the impact of the results obtained in this thesis on the 
understanding of the ionization process in MALDI is discussed in Chapter Six. 
- - 1 6 ~ 
CHAPTER TWO 
INSTRUMENTATION AND EXPERIMENTAL 
2 . 1 . INSTRUMENTATION 
All the MALDI experiments were performed using a Bniker-Biflex TOF mass 
spectrometer (Franzen, Germany) equipped with a two-stage gridless reflectron 
mirror. Basically the instrument consists of four parts : a laser system, an ion source, a 
reflectron time-of-flight mass analyzer and a detector. A schematic diagram of the 
mass spectrometer is shown in Figure 2.1. 
The instrument was operated at a pressure of 5x10'^ Torr or below. The 
2 • 
instrument is pumped down from atmospheric pressure to � 1 0 - Torr by using a rotary 
pump (E2M1.5, Edwars, Germany). High vacuum was achieved by a 250 L/min 
turbomolecular pump (Blazer, Germany). All the pumps and high voltage power 
applications were protected against vacuum failure. The vacuum pressure ofthe mass 
spectrometer was monitored by a flight-mounted ion gauge. The backing pressure was 
measured by a compact Pirani gauge (TPR250, Balzers, Germany). 
2.1.1. Laser System 
The laser system was used to generate a pulsed beam of intense laser photons 
at defined wavelength and intensity onto the sample target. The laser system of the 
instrument consisted of a pulsed UV laser, an attenuator, a beam splitter and a 
focusing lens system. 





















































































































































Pulses ofphotons were generated by a UV nitrogen laser (Laser Science, Inc., 
Newton, MA, US, model OEM VSL-337i). The nitrogen laser produced pulses of 
protons at 337 nm with an average pulse energy of 120 M-J and 3 ns duration. The 
laser intensity was controlled by a circular gradient neutral density filter. A 5% beam 
splitter was used to direct a fraction ofthe laser beam onto a photodiode for triggering 
ofthe data acquisition and measurement of the laser beam intensity. The focusing 
lens system consisted o f a U V lens with focal length of 500 nm, two pin-hole iris, and 
a UV mirror for directing the laser beams onto the sample stage inside the ion source. 
2.1.2. Ion Source 
The sample plates were made offerric stainless steel. The position of sample 
plate was fixed onto the retractable probe-head by using a small permanent magnet. 
There was a total of eight defined sample positions on each sample plate. The 
selection and movement of sampling position were under full computer-controlled. 
The sample stage was mounted onto an insulator to provide insulation from the high 
voltage used in the ion source. The movement of the probe in and out of the source 
region is guided by a pair of alignment rods. There was a probe holding electrode in 
the source chamber end-flange to ensure correct alignment of the probe in the source 
region. A gate valve (VAT, Germany) was used to separate the probe and source 
chamber and to allow the probe region to be pre-pumped. A high potential of +19kV 
was supplied to the sample plate through the probe holding electrode and served as the 
accelerating potential. A spring loaded contact was attached on the probe holding 
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electrode to provide the high voltage potential to the sample plate. 
After the laser beam was directed onto the analyte/matrix co-crystals, ions 
were generated and were accelerated through the potential gradient towards the grided 
counter electrode. The ions were then focused by an Einzel lens system. A pair of X-
and Y-deflection plates were positioned after the Einzel lens (about 10 cm behind the 
ions source exit) to steer the accelerated ions. In linear-mode, a short pulse of 
differential potential (typically 1 kV) was normally applied onto the X-defection plates 
to deflect the low mass ions and to avoid saturation of the multichannel plate (MCP) 
detector. 
2.1.3. Reflector 
The accelerated ions was allowed to fly through a field-free region (1.2 m) 
before entering the reflector mirror. The reflector mirror was a two-stage gridless 
reflector and was located at the end of the flight tube. Ions were retarded in the first 
stage of the reflector and were reflected in the second stage. A maximum of +20 kV 
was applied onto the reflector mirrors. 
2.1.4. Detector 
In the Biflex TOF mass spectrometer, an active-film electron multiplier (ETP, 
Model AP820) and a multichannel plate (MCP) assembly were used as the linear and 
- - 2 0 --
reflector detectors, respectively. All the present work were conducted using reflector-
mode only. Ions were bombarded onto the first dynode of the electron multiplier and 
a number of electrons were ejected. The ejected electrons were guided to another 
dynode plate to produce more electrons. Multiplication of electrons was achieved by a 
series of dynode plates. A signal multiplication of 10? could be obtained using an 
electron multiplier potential of2 .1 kV. In all experiments, the electron multiplier 
potential used set at 1.8 kV. Control ofthe measurements on the MALDI-TOF mass 
spectrometry, data acquisition and processing were performed by the Bruker software 
XMASS running on an SUN workstation (SPARC 20). 
2 . 2 . EXPEMMENTAL 
2.2.1. Synthesis of nitr0anthracene-d9 ^ ^ 
1 g of anthracene-dio was suspended into 4 ml of glacial acetic acid. 0.4 ml of 
concentrated nitric acid (70% by weight) was slowly added into the solution mixture. 
The mixture was continuously stirred until a clear solution was obtained. The solution 
was filtered to remove any unreacted anthracene-dio. 5 ml of a mixture of concentrated 
hydrochloric acid : glacial acetic acid (1:1 v/v) was added slowly to the filtrate with 
vigorous stirring. The pale-yellow precipitate formed was isolated by suction 
filtration on a sintered-glass funnel and was washed with glacial acetic acid. The solid 
was further washed by deionized water to remove any acetic acid residue. The pale-
yellow crystals (9-nitro-10-chloro-9,10-dihydroanthracene) were then treated with 
- - 2 1 --
warm (70°C) 10% sodium hydroxide solution to yield yellow precipitate (9-
nitr0anthracene-d9). The crude yellow precipitate was separated from the solution by 
suction filtration and was washed with 10% sodium hydroxide solution repeatedly for 
four times. The solid was further washed by deionized water to remove any sodium 
hydroxide residue. The crude 9-nitroanthracene-d9 was dried under ambient conditions 
and was recrystallized from glacial acetic acid. The solid was again treated with 
deionized water to remove any acetic acid residue. The structure and purity of the 
product were confirmed to be 9-nitroanthracene-d9 by ^¾ nuclear magnetic resonance 
spectroscopy and electron ionization mass spectrometry. ^¾ NMR and mass spectra 
are shown in Figure 2.2 and 2.3, respectively. 
2.2.2. Sample Preparation 
Conventional sample preparation method was used in all experiments. The 
sample mixture, including analyte and matrix solutions, was deposited onto the sample 
plate and dried in atmospheric pressure. This sample preparation method was used in 
the experiments when all the solution components were miscible. If the analyte, 
matrix and cationizing reagent solutions were immiscible, they were deposited onto 
the sample plate by using a layer-by-layer method. Details of various sample 
preparation methods are described in individual chapter. 






















































































































































































































































































































































































































































STUDBES OF THE EFFECTS OF SOLUTION pH 
3.1. INTRODUCTION 
The pH of matrix solution has been found to exert substantial influence on the 
analyte molecule-ion signals.^ ^"^^ The analyte molecule-ion signals were suppressed 
by increasing the pH of the matrix solution above their natural pH. Complete 
quenching of the molecule-ion signals were observed when the pH of the matrix 
solutions were raised above their isoelectric points. Since most of the effective 
matrices have exchangeable protons, it was proposed that the presence of labile 
protons such as those in hydroxy-, amino- and carboxylic acid groups, is important for 
matrix selection. The loss of molecule-ion signal at high pH conditions was therefore 
attributed to the loss of proton donating property of the matrix molecules at high pH. 
Moreover, it is generally believed that the mechanism of desorbing analyte molecules 
has a large mechanical element and should not be affected by the chemical 
environment ofthe matrix solution. Furthermore, analyte ions derived from neutral or 
basic matrices generally exhibited low sensitivity and poor resolution in time-of-flight 
mass spectrometer.98 Upon addition of organic acids, such as trifluoroacetic acid, the 
peak intensity of the protonated molecule-ion was enhanced and the peak shape was 
also sharpened. 
Grigorean et al.^ ^ has recently demonstrated that the availability of 
exchangeable proton in the matrix moiety is not an essential element for MALDI 
processes. Through the use offully methylated sinapinic acid and a-cyano-4-hydroxy-
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cinnamic acid as matrix materials, intact protonated molecule-ions of several peptides 
and small proteins have been obtained. The protonated analyte signals were found to 
be lowered and a higher laser fluence was required for obtaining useful mass spectra 
in these fully methylated matrices. These results have inevitably provided indirect 
evidences to support a notion that an increase of the pH of the matrix solution above 
the isoelectric point should only suppress, but not quench, the proton donating 
property of the matrix. 
It was noted that there are many parameters in the original experimental setup 
that would affect the MALDI results. For instance, the use of sodium hydroxide to 
alter the basicity ofthe matrix solution would also introduce substantial concentration 
of salts after neutralization. It is known that excessive mineral salts could severely 
affect the analyte ion signals under MALDI conditions.6"9 Apart from the reduction 
ofthe proton donation ability ofthe matrix molecules, increase of the pH ofthe matrix 
solution might also lead to unfavorable conditions for the formation of suitable analyte 
embedded matrix-analyte co-crystals.^^ In order to understand more about the 
mechanism ofthe MALDI processes, the effect of the solution pH on the generation of 
protonated molecule-ions under MALDI conditions was re-evaluated using a Lewis 
base, i.e. imidazole. 
3.2. SAMPLE PREPARATION 
2,5-Dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (a-
CCA), imidazole and sodium hydroxide were purchased from Aldrich (US) and used 
—26 ~ 
without further purification. Vasoactive intestinal peptide (Vff) and bovine insulin 
were purchased from Sigma Chemical Co. (US). a-Cyclodextrin was purchased from 
TCI (Japan). Ultrapure water (18 MQ) was obtained by using a commercial water 
purification system (Milli-Q，Millipore, US) and was used as solvent for dissolving 
matrix, base and analyte materials. 
Saturated solutions of matrices were used in all experiments. Matrix 
solutions of different pH were obtained by titrating the saturated matrix solution with 
either sodium hydroxide (0.21 M for DHB and 0.0024 M for a-CCA) or imidazole 
(0.50 M for DHB and 0.050 M for a-CCA). A general purpose pH meter was used to 
monitor the pH ofthe resulting solutions. When DHB was used as matrix, insulin and 
YJP were dissolved in ultrapure water at concentrations of 1.8x10"^ M and 5.0 xlO'^ 
M, respectively. Samples were prepared by mixing 1:1 volume ratio ofthe matrix and 
analyte solutions. 1.0 i^L of sample mixture was deposited onto the sample probe. 
When a-CCA was used as matrix, insulin and VTP were dissolved in ultrapure water 
at concentrations of 8.7x10"^ M and 1.3x10"^ M, respectively. Samples were prepared 
by mixing 1:4 volume ratio of the matrix and analyte solutions. 2.0 [xL of sample 
mixture was deposited onto the sample probe. The use of higher concentration of 
analyte solution was essential to sustain the analyte ion signals due to the limited 
solubility of the a-CCA matrix in pure water. 
To evaluate the pH effect on the cationization process, a-cyclodextrin was 
used and was dissolved in ultrapure water at a concentration of 1x10"^ M. 1:1 Volume 
ratio of matrix to analyte solutions was mixed; and 1.0 pL of sample mixture was 
deposited onto the sample probe. 
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3.3. RESULTS AND DlSCUSSION 
In an attempt to construct better experimental conditions, several experimental 
parameters have been explicitly controlled. Selection ofsolvent : It is generally found 
that addition of substantial proportion of organic solvent such as methanol and 
acetonitrile in water can increase the solubility of most matrix materials and can 
optimize the sensitivity ofMALDI measurement. It is however known that pH meter 
does not function properly in non-aqueous media. In order to have more accurate pH 
readings, ultrapure water was used as solvent for both analyte and matrix materials 
throughout the experiments. Selection of analytes : Three different analytes were used 
in the present study. They are vasoactive intestinal peptide (VEP), bovine insulin and 
a-cyclodextrin. These compounds were selected under two criteria. They must have 
sufficient solubilities in pure water and should show no molecule-ion signals under 
direct laser desorption conditions. a-Cyclodextrin, which forms solely cationized 
molecule-ions, can also provide additional insight into the effect of the solution pH on 
the cationization processes. 
3.3.1. Effect ofBronsted Base (NaOH) 
In this experiment, a Bronsted base, i.e. sodium hydroxide, was used to change 
the pH of the matrix solution. Figure 3.1 shows the variation of pH of the DHB 
solution at different amount ofNaOH. Saturated DHB solution has an intrinsic pH of 
2.2 and an isoelectric position at roughly 7.2. The effect of pH (or more precisely the 
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Figure 3.1. Titration curve of 8mL saturated DHB solution with 0.21M NaOH. 
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Figure 3.2. Titration curve of8mL saturated a-CCA solution with 0.0024M NaOH, 
amount of NaOH) on the MALDI experiments was demonstrated using (a) low pH 
(i.e. 2.2，3.1 & 4.4); (b) isoelectric (i.e. pH 7.2); and high pH (i.e. 8.7 & 11.3) 
conditions. The results were summarized in Table 3.1. At the intrinsic pH of the 
DHB matrix (pH 2.2)，protonated and/or cationized molecular ions were obtained for 
all analytes tested. With the addition of NaOH into the matrix solution, all the 
molecule-ion signals decreased rapidly. At pH 3.1 and above, all the a-cyclodextrin, 
VIP and insulin molecule-ion signals were inhibited. Our findings are consistent with 
the literature reports.^^ 
In order to verify the generality of the suppression phenomenon at high pH, the 
same set ofexperiments was repeated by using a-CCA as matrix. Figure 3.2 illustrates 
the variation of pH ofthe a-CCA solution at different amount ofNaOH. Saturated a-
CCA solution has an intrinsic pH of 3.2 and an isoelectric position at 6.7. The effect 
ofpH on the MALDI experiments was demonstrated using (a) low pH (i.e. 2.2, 4.0 & 
5.5); (b) isoelectric (i.e. pH 7.1); and high pH (i.e. 8.5 & 9.2) conditions. The results 
were summarized in Table 3.1. At the intrinsic pH of the a-CCA matrix, protonated 
and/or cationized molecular ions were obtained for all analytes tested. Similar to the 
cases ofDHB, a slight increase in the pH of the matrix solution suppressed all peptide 
molecule-ion signals. In a-CCA matrix, the tolerance of a-cyclodextrin molecule-ion 
signal for pH variations was found to be higher. Cationized molecule-ions were 
observed in the whole pH range tested. 
The inhibition of protonated and cationized analyte ion signals at high pH 
conditions in MALDI experiments has generally been attributed to the loss of acidic 
protons in the matrix molecules^^ and to the poor matrix-analyte co-crystallization/^ 






















































































































































































































































































































respectively. These arguments seem to be consistent with the present experimental 
results. There seems to have a correlation between the tolerance of a-cyclodextrin 
molecule-ion signal on pH at different matrix systems and the amount of NaOH 
added. Since the solubility ofDHB in water is much higher than that of a-CCA, the 
amount ofNaOH needed to alter the pH was much higher in the case ofDHB than that 
ofa-CCA. It is known that high concentration of sodium salts can severely affect the 
matrix-analyte co-crystallization. It is therefore logical to predict that a-cyclodextrin 
should have a higher pH tolerance in the case of a-CCA matrix than that of DHB 
matrix under the present experimental conditions. If the matrix-analyte co-
crystallization is an important factor governing the generation of cationized analyte 
ions, the importance ofthe acidic protons in the matrix molecules on the generation of 
protonated molecule-ions becomes less certain. The failure in the generation of 
protonated analyte ions might be influenced by the co-crystallization processes rather 
than the loss of acidic matrix protons! The formation of intact protonated molecule-
ions by using fully methylated sinapinic acid and a-cyano-4-hyrdroxycinnamic acid 
matrices is actually consistent with this hypothesis.^^ More recently, we have also 
demonstrated that any exchangeable protons in the system (from either the solvent, 
matrix and even analyte molecules) and non-exchangeable matrix protons can 
contribute to the protonation of the analyte molecules under MALDI conditions (see 
CHAPTER FOUR). In order to evaluate the relative importance of the pH and the 
Na+ ion concentration on the MALDI experiments, the influence of pH was re-
evaluated using a Lewis base, i.e. imidazole. 
- 3 2 -
3.3.2. Effect ofLewis Base (Imidazole) 
The variation of pH ofthe DHB and a-CCA solutions at different amount of 
imidazole were exhibited in Figure 3.3 and 3.4 respectively. Since imidazole is a 
weak base, the isoelectric points of DHB and a-CCA were shifted from � 7 to � 5 . 
Nevertheless, the effect of pH (or more precisely the amount of imidazole) on the 
MALDI experiments was demonstrated using (a) low pH (i.e. 3.0 and 4.1 for DHB; 
4.0 and 4.9 for a-CCA); (b) isoelectric (i.e. pH 5.2 for both DHB and a-CCA); and 
high pH (i.e. 7.3 and 8.9 for DHB; 7.1 and 9.1 for a-CCA) conditions. 
Figure 3.5(a-c) illustrate the MALDI spectra of a-cyclodextrin, YW and 
insulin at different pH conditions. DHB and imidazole were used as matrix and base, 
respectively. The experimental results were summarized in Table 3.2. In contrast to 
the results obtained using NaOH, protonated and/or cationized analyte ion signals 
were observed at all pH conditions studied. 
For YIP and insulin in the normal conditions, i.e. without addition of any 
imidazole into matrix solution, the protonated molecular ion signals were much 
stronger than that of cationized quasimolecular ions. As the pH was increased, 
protonated molecular ion signal was suppressed and cationized ion signals were 
enhanced. Consequently, the intensity difference between protonated and cationized 
species became closer. At pH 9, multiple cations adduction resulted and a broad 
signal was obtained. For a-cyclodextrin, the change in pH by using imidazole did not 
have significant influence on the signal intensity. It is worthy to note that the laser 
thresholds for all the analytes were increased with higher pH. Similar results were 
- 3 3 -
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Figure 3.3. Titration curve of8mL saturated DHB solution with 0.50M imidazole. 
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obtained for a-CCA as matrix under similar experimental conditions. Details of the 
experimental results are shown in Table 3.2. Figure 3.6(a-c) exhibit the mass spectra 
obtained for a-cyclodextrin, VEP and insulin at different pH conditions by using a -
CCA as matrix. 
It is clearly shown that imidazole and NaOH exhibit rather different effects on 
the MALDI experiments. The formation of intact molecule-ion signals for different 
analytes at high pH (using imidazole as base) has demonstrated that pH of the solution 
cannot be used alone to account for the signal quenching effect of NaOH. There 
seems to have several effects of NaOH on the efficiency of analyte ion formation 
under MALDI conditions. First, high concentration ofNaOH (or imidazole) reduces 
the availability of labile protons in the system. Reduction of proton availability / 
deprotonation of the matrix molecules would suppress the protonation process and 
enhance metal-ion adduction. Second, the deprotonation effect of NaOH (or 
imidazole) on the matrix molecules, such as DHB and a-CCA, can lead to a shift in 
their ultraviolet absorption bands. Reduction of the absorption co-efficient of the 
matrix molecules at the laser wavelength can, however, result in inefficient energy 
transfer, sluggish desorption events and quenching of the MALDI signals. Third, the 
high concentration of Na+ ion and/or high pH conditions can severely affect the 
crystallization behavior of the matrix and analyte molecules during sample 
preparation. Among these effects, reduction of proton availability should affect the 
mode of ionization, but not quench the MALDI ion signal. This effect is clearly 
demonstrated by using imidazole experiments. High threshold laser fluence at high 
pH conditions is consistent with the different energy required for protonation and 


























































































































































































































































































































































































































































































































































































































































cationization processes. Table 3.3 summarizes the solution extinction coefficients of 
DHB and a-CCA (at 337 nm) at different pH using both NaOH and imidazole as 
bases. Independence of the nature of the base, the extinction coefficients were 
changed from -2500 M^^cm'^  (pH 4) to -2300 M'^ cm'^  (pH 9) and -25000 M'^ cm'^  
(pH 4) to �12000 M-icm.i (pH 10) for DHB and a-CCA, respectively. Although the 
solution extinction coefficients decrease slightly with increase pH, the vast difference 
in the mass spectral responses of analytes in NaOH and imidazole under MALDI 
conditions cannot, however, be explained. Finally, proper co-crystallization of matrix 
and analyte molecules is generally accepted to be a critical factor affecting the success 
of the MALDI experiments. Any unfavorable interference might quench the MALDI 
signals. 
Table 3.3. Solution extinction coefficients (s) ofDHB and a-CCA (at 337nm) 
at different pH. The pH conditions were adjusted by imidazole and  
NaOH respectively.  
DHB a-CCA  
Imidazole NaOH Imidazole NaOH 
pH 8 pH s pH s pH s 
3.9 2443 3.9 2462 4.2 22372 4.1 24863 
4.6 2317 4.3 2363 5.4 24019 5.3 25620 
5.5 2286 5.2 2308 6.6 21806 6.4 29855 
6.6 2288 6.7 2315 7.3 22426 7.6 22102 
7.3 2279 7.2 2264 8.1 17296 8.1 19148 
8.2 2295 8.9 2274 10.0 11156 9.4 12883 
9.4 2320 
- 3 9 -
3.3.3 Effect of Salt Concentration 
The effect ofNa+ ion concentration at different pH on the MALDI experiments 
were evaluated by adding appropriate amount of sodium salt in the imidazole (Lewis 
base) experiments. In order to investigate the effect of Na+ concentration, the 
quantities ofNaI added into samples of different pH were calculated from the titration 
curves using NaOH solution and listed in Table 3.4. 
Table 3.4. Amount ofNaI added to lOO i^L DHB and a - 
CCA solutions at different pH conditions. 
DHB a-CCA  
Amount ofNaI Amount ofNaI 
pH added / ppm pH added / ppm 
3.0 475 4.4 17.0 
4.2 1075 5.0 17.5 
5.4 1100 5.5 18.0 
6.4 1125 6.4 19.3 
7.2 1150 7.3 22.0 
8.7 1175 8.9 41.5 
The MALDI results obtained are exhibited in Table 3.5. Figure 3.7(a-c) and 
3.8(a-c) show the mass spectra ofthe three analytes at different pH and NaI loading by 
using DHB and a-CCA matrices, respectively. It is clearly shown that high 
concentration ofNaI suppressed and even quenched the MALDI ion signals. Similar 
to the case of NaOH, it was also noted that the search for "sweet spot" in these 
samples was much more difficult in the presence ofNaI. All these observations have 
led to a hypothesis that the strong MALDI signal suppression effect of high 
concentration ofNaOH was primarily caused by the perturbation of matrix-analyte co-
crystallization. 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In order to investigate the matrix tolerance for inorganic salt, 
experiments were performed by adding different amount NaI into the matrix and 
analyte mixtures prior to the MALDI analysis. All experiments were performed at the 
intrinsic pH ofmatrix solution. The results are summarized in Table 3.6. In contrast to 
the NaOH experiments, intact molecule-ions of all analytes were observed at equal or 
higher concentration of sodium salts (> 10 times). In addition, it is noted that DHB 
has relatively higher tolerance for sodium salts than a-CCA. This is also consistent 
with the literature report.^^ It is clearly demonstrated that the quenching of analyte ion 
signal in the NaOH experiments was not caused solely by the high concentration of 
inorganic salt. The quenching effect is probably caused by the perturbation of the 
formation of favorable matrix-analyte co-crystals under high concentration of Na+ at 
high pH conditions. 
3.4. CONCLUSIONS 
The formation of intact molecule-ion signals for insulin, VEP and oc-
cyclodextrin at high pH with the use of imidazole as base show that the loss of acidic 
proton in the matrix molecule is not an important factor to govern the success of 
MALDI experiment. The loss of intact molecule-ion signals with the use ofNaOH as 
base is caused by the poor matrix-analyte co-crystallization. The inhibition effect of 
NaI at high pH (using imidazole as base) shows that inorganic salt is an important 
factor to affect the crystallinity of sample in particular at high pH. 






















































































































































































PROTON SOURCES FOR ION GENERATION IN MALDI-MS 
4.1. EVTRODUCTION 
Most of the matrices commonly used for proteiny'peptides are mainly 
aromatic substituted compounds that contain carboxylic acid and/or hydroxyl 
‘groups;ioo and cinnamic acid derivatives/^^ Typical examples are 3,5-dimethoxy-
4-hydroxycinnamic acid (sinapinic acid)/。（ a-cyano-4-hydroxycinnamic ac id_ 
and 2,5-dihydroxybenzoic acid.^^ It is believed that the aromatic rings act as 
chromophore for the absorption of UV.^^ However, the purpose of acidic 
functional groups in the MALDI process has not been established. There is no 
evidence to support that the carboxylic groups are the prime source of protons for 
the generation of protonated molecule-ions. In fact, it has been argued^^ that the 
donating proton does not originate from the acid groups but from the hydroxyl 
groups in the case of sinapinic acid. It is because the pKa value of hydroxyl group 
is higher than that of carboxyl group in excited state. Such argument is based on 
the assumption that proton transfer process occurs in excited state of matrix, and 
the pKa value in the excited state plays a key role in the protonation process7^'^^^ 
Nonetheless, it has been reported that full methylation of the carboxylic acid and 
the hydroxyl groups of sinapinic acid did not inhibit it from being an effective 
matrix. ^^  Matrix function was also retained when the exchangeable proton of a -
cyano-4-hydroxycinnamic acid was replaced by methyl groups. It seems likely 
that the carboxylic and hydroxyl groups of sinapinic acid and a-cyano-4-
hydroxycinnamic acid are not essential for sustaining their matrix properties. 
~ 46 ~ 
Their results are consistent with the gas-phase ion molecule reaction model. In the 
present study, systematic studies were performed to evaluate the importance of 
various possible sources of proton for protonation of analyte molecules under 
MALDI conditions. 
4.2. SAMPLE PREPARATION 
The analyte used was polyvinyl pyridine (PVP) with molecular mass in the 
range of 1000 and was obtained from Polymer Source Inc., US. The matrices used 
in the present work include 2,5-dihydroxylbenzoic acid (DHB), dithranol, 
nitroanthracene and nitr0anthracene-d9. Their structures are shown in Figure 4.1. 
Figure 4.1. Structures ofmatrices and analyte used in the experiments. 
COOH 
T OH OH 0 OH r^^^^"V^ 
H �  ^ dA6 
HO ^ < : : ^ V . > < : ^ 
2,5-dihydroxybenzoic acid Dithranol 
f. • .1 — 
NO 
衡 2 CH3CH2CH-CH2CH--nH 
(Sto �态 
^^^C^^^^^:;>^^C^ N «>• J Nitroanthracene Polyvinyl pyridine- - 4 7 --
The non-deuterated matrices were purchased from Aldrich (US) and the 
fully deuterated nitr0anthracene-d9 was prepared by the literature procedures 
reported95 (see Section 2.2.1.)- Acetone, dichloromethane and methanol were 
obtained commercially and were used without further treatment. Acetone-de and 
methan0l-d4 were obtained from Merck and Aldrich, respectively. Both of them 
were stored in sealed ampullas before use. 
It is generally found that solvent selection plays an important and 
sometimes vital role in MALDI experiments. Selection of suitable solvent is 
generally empirical. A general consensus is that the matrix and the analyte should 
have reasonable solubilities in the selected solvent(s); and the matrix and analyte 
solutions should mix well with each other to facilitate matrix-isolation after 
removal ofsolvent molecules. DHB was dissolved in acetone at a concentration of 
lOOgyl^ . Saturated solution of dithranol was prepared using dichloromethane. 
Nitroanthracence (or nitr0anthracence-d9) was dissolved either in methanol (or 
methan0l-d4) or acetone (or acetone-de) at a concentration of l6gfL or 33gyT^ , 
respectively. PVP was dissolved in acetone (or acetone-d6) at a concentration of 
5g/L. Sample mixtures were prepared by mixing equal volume of analyte and 
matrix solutions when acetone (or acetone-de) was used as solvent. 0.5 i^l of the 
mixtures were deposited onto sample plate. Methanol or methan0l-d4 was used as ^ 
solvent, the volume ratio of analyte to matrix solutions were 1:2; and 1 [x\ of the 
sample mixtures were deposited onto sample plate. Samples were dried in ambient 
conditions prior to the mass spectrometry analysis. In dealing with deuterated 
solvents, the sample preparation works were carried out in a dry box to minimize 
the absorption of water vapor from surrounding atmosphere. 
- - 48 --
4.3. RESULTS AND DlSCUSSION 
The potential contribution of various sources of proton for protonation of 
the analyte molecules were evaluated in the present work. There are many potential 
sources of proton for ion generation in MALDI experiments. Apart from the 
exchangeable protons in the matrix molecules, exchangeable protons from solvent 
and/or other analyte molecules might also participate in the ionization process(es). 
Since direct photo-excitation of the matrix molecules is a pre-requisite for 
desorption and ionization events, non-exchangeable protons in the matrix 
molecules might also be important for protonation of the analyte molecules. In 
order to reduce the complexity of the system, polyvinyl pyridine in the mass range 
of 1000 was selected as the target analyte. Polyvinyl pyridine has no exchangeable 
proton and is capable ofbeing protonated under MALDI conditions. Without direct 
laser excitation and in the absence of exchangeable protons, the contribution ofthe 
analyte molecules as proton sources for ionization of other analyte molecules 
should be negligible (see below). This compound can therefore be used to probe 
the sources of protons in MALDI experiments. 
To investigate the effect of exchangeable protons in the matrix moiety, the 
polyvinyl pyridine was analyzed using three matrices, namely dithranol, 2,5-
dihydroxylbenzoic acid (DHB) and nitroanthracene. The first two matrices have 
exchangeable protons; whereas the latter matrix carries no exchangeable proton. 
Figure 4.2 illustrates the typical MALDI mass spectra of polyvinyl pyridine using 
these matrices. Besides the protonated molecule-ions, quasimolecular ions due to 
the adduction ofmatrix derived-ions were also generated. The signal intensities of 
the protonated molecular ions were much stronger in the cases of DHB and 
dithranol than that of the nitroanthracene matrix. In the case of nitroanthracene 














































































































































































































































































































































































































































matrix, the ion yield of matrix adducted ions were, however, higher than that of 
protonated molecular ions. It is clearly demonstrated that nitroanthracene is not a 
good matrix to generate protonated molecular ion. The difference in the abundance 
ofthe protonated analyte molecules obtained in these matrices might imply that the 
availability of exchangeable proton in matrix could affect the ion yield of 
protonated molecular ion. The relatively low intensity of protonated molecular 
ions might be caused by a lack ofexchangeable proton within the matrix molecule. 
On the other hand, it can also be demonstrated that the exchangeable protons from 
either carboxylic acid or hydroxyl groups are important, but not essential, for 
protonation ofanalyte molecules in MALDI experiments. Other sources ofprotons 
can also contribute to the protonation reactions under MALDI conditions. 
There are three major components in our experiments, namely the analyte, 
the matrix and the solvent(s). In an attempt to track down the possible 
contributions of the various protons, including the non-exchangeable analyte and 
matrix protons; and the exchangeable and non-exchangeable solvent protons, a 
series of experiments were performed using both normal and deuterated analogs of 
nitroanthracene and solvents were employed. Figure 4.3 illustrates the partial 
MALDI mass spectra ofPVP 1000 using different combinations of deuterated and 
non-deuterated nitroanthracene (as matrix), methanol and acetone (as solvents). 
Because ofthe limited mass resolution of the instrument, the isotopic pattern of the 
protonated molecular ion were only partially resolved. However, the intensity 
ratios of [A+l]+/[A+2]+ can still be reliably measured. The results were 
summarized in Table 4.1, where A is the sixth-oligomer , i.e. C 4 H 9 ( C 7 H 7 N ) 6 , of 
polyvinyl pyridine. All the intensity ratios reported are the average of four trials. 
Using non-deuterated nitroanthracene and solvent molecules (Figure 4.3a & 4.3b), 




























































































































































































































































































































































































































































































the relative abundance of[A+l]+/[A+2]+ (i.e. � 1 . 4 ) represents the normal isotopic 
distribution of protonated molecular ions due to the natural abundance of heavy 
isotopes, such as deuterium and carbon-13. This intensity ratio was used as 
reference to compare with other experiments in which deuterated matrix and/or 
solvent molecules were used. 
In comparison with the isotopic distributions of the PVP molecule-ions 
obtained by using non-deuterated and deuterated matrices (Figure 4.3a Vs 4.3e; 
Figure 4.3b Vs 4.3f), it is found that the intensity ratio ([A+l]+/[A+2]+) was much 
smaller in the case of the deuterated matrix. This implies that the non-
exchangeable protons in the matrix molecule play a significant role in the 
protonation reaction. Incidentally, if all the protons were derived from the non-
exchangeable protons of the matrix molecules, the [A+1]+ signal, and hence the 
[A+l]+/[A+2]+ intensity ratio, should be zero in the experiments of using 
nitr0anthracene-d9 as matrix. The presence of [A+1]+ signal could be attributed to 
the incomplete deuteration of nitr0anthracene-d9. Figure 2.3 shows the electron 
impact ionization mass spectrum of nitr0anthracene-d9. It is clearly shown that 
some of the nitroanthracene molecules were not fully deuterated as expected. 
However, the relative abundance of nitroanthracene-dg to nitr0anthracene-d9 was 
substantially smaller than that of the intensity ratio of [A+l]+/[A+2]+ in Figure 
4.3(e). This implies that some ofthe protons might be derived from the solvent or 
even the analyte molecules. 
Using acetone-d6 to dissolve nitroanthracene and PVP, the possible 
contribution of non-exchangeable solvent proton in the ionization process could be 
evaluated. From Table 4.1, the intensity ratio of [A+l]+/[A+2]+ was found to be 
similar to the case in which non-deuterated matrix and solvents was used. This 
- - 5 4 ~ 
implies that the deuterium atoms in acetone-de was not involved in the ionization 
process. Since the analyte and solvent molecules did not interact directly with the 
incoming photons; and their protons should be non-exchangeable in ground states. 
It is logical to predict that the analyte protons do not participate in the protonation 
reactions in these cases. 
It is worthwhile to note that pure acetone is highly hygroscopic. This means 
that substantial water vapor might have been absorbed before and during sample 
preparation. The exchangeable protons in water molecules might therefore 
contribute to the protonation of the analyte molecules. In order to investigate the 
significance of the exchangeable solvent protons, the same experiments were 
performed using non-deuterated and deuterated acetone-methanol (1:1 by volume) 
as solvents. Figure 4.3b and 4.3d illustrate the partial MALDI mass spectra of 
PVP using acetone/methanol and acetone-d6/methanol-d4 solvent systems, 
respectively. Nitroanthracence was used as matrix. A substantial reduction of the 
[A+l]+/[A+2]+ intensity ratios was found when the solvent was changed to 
deutriated analogs. A similar trend was also found when nitr0anthracence-d9 was 
used as matrix. These provide evidences to demonstrate that solvent molecules 
(or any components) containing exchangeable protons can contribute to the 
protonation of the analyte molecules under MALDI conditions. No direct photo-
excitation is needed. 
4.4. CONCLUSIONS 
On the basis ofthe available experimental results, it is conclusive to state that 
neither carboxyl nor hydroxyl protons are required for protonation of the analyte 
molecules in MALDI experiments. Generation of intense [A+2]+ ion in the case of 
- - 5 5 --
nitroanthracene-d9 matrix under non-deuterated solvent systems implies that non-
exchangeable protons from the matrix molecules might be important in the 
protonation of the analyte molecules. Since the solvent molecules with no 
exchangeable proton shows no such behavior, this implies that excited-state proton 
transfer is important process for ionization under MALDI conditions. In addition, 
the protons of the [A+H]+ ions can also be derived from any molecules with 
exchangeable protons, such as the solvent, the matrix and even the analyte 
molecules. 
- - 5 6 ~ 
CHAPTER FIVE 
CATIONIZATION PROCESSES IN MALDI-MS : 
ATTACHMENT OF DIVALENT AND TRIVALENT METAL 
IONS 
5.1. ][NTRODUCTION 
The role of matrix molecules in the desorption process(es) is believed to 
absorb most ofthe incident photons; to convert the photon energy into mechanical 
energy; and to propel the intact analyte molecules from the condensed phase into 
the gas phase. The function of matrix molecules in the ionization process(es) is 
less understood. Most of the recent studies^^"^^ were concentrated on the 
mechanism ofprotonation. It is found that there seems to have a pattern in which 
characteristic ions are formed. For instant, MALDI generates predominantly 
cationized quasimolecular ions for o l i g o s a c c h a r i d e s ; ^ whereas it produces 
predominantly protonated quasimolecular ions for almost all proteins/^^ For 
protonated species, singly- and multiply-charged quasimolecular ions have been 
observed. Zhou and co-workers^°^ demonstrated that there exists a correlation 
between the number of basic amino acids residues and the maximum number of 
protons attachment for the peptides and proteins studied. The charge state 
distribution is shown to vary with the concentration of the analyte,^^^ the nature of “ 
matrix materials,^，】。^ and the sample preparation methods/®^ In contrast, the 
cationized peptide quasimolecular ions exhibited mostly singly-charged species. 
Multiply-charged quasimolecular ions due to attachment of multivalent metal ions 
such as Cu2+or Zn]+ have not been reported. In some studies of peptides with high 
affinity oftransition metal ions/°^'^^° it was observed that the quasimolecular ions 
generated were all singly charged even though divalent metal ions were attached 
- - 5 7 --
onto the peptides. The charge-state of the quasimolecular ions seems to be 
independent of the number of metal ions adducted. It is intriguing to observe that 
these singly-charged quasimolecular ions were formed by the concomitant loss of 
an appropriate number ofprotons, i.e. [A + nM' - (zn-l)H]+ where A is the analyte 
molecule; M is the metal ions, z is the number of charges in the metal ions and n is 
an integer. 
Factors governing the choice of protonation and cationization in typical 
MALDI analysis were studied in the present work. In particularly, the difference 
among protonation and cationization processes in forming multiply-charged 
species were investigated. Systematic studies on the cationization processes using 
different combination ofanalytes, metal salts and matrix materials were performed. 
5.2. SAMPLE PREPARATION 
All metal salts and matrix materials were obtained commercially and were 
used as received. Several monovalent, divalent and trivalent metal salts were 
evaluated for use as possible cationization reagents. Table 5.1 summaries the metal 
salts used in the present study. Several matrix systems, including 2,5-
dihydroxybenzoic acid (DHB) (Sigma Chemical Co., US), dithranol (Aldrich '' 
Chemical Co., US), 2-(4-hydroxylphenylazo)benzoic acid (HABA) (Aldrich 
Chemical Co., US) and chromoionophor IV (Aldrich Chemical Co., US) were 
employed to test the generality of our findings. Polyethylene glycol (PEG1000) 
(Aldrich Chemical Co., US), a-cyclodextrin ( TCI, Japan), polyethylene oxide 
dimethyl ether (PE01000) OPolymer Source Inc., US), and cyclic polyethylene 
oxide (PE03000) (supplied by Dr. G.E. Yu at the University of Manchester, 
- - 5 8 --
England) were used as analytes. 
Table 5.1. Metal salts used as cationization reagents in the following MALDI  
experiments  
Monovalent metal salts Divalent metal salts Trivalent metal salt 
LiCl; NaI; KI ； CuI CuO^O3)2 ； BaCk ； BaBr2 LaQ>^ O3)3 
Sr0SfO3)2 ； CdOS[03)2 ； Cdl2 
Pbq^O3)2 ； Pbl2 
All analyte solutions were prepared at a concentration of 5g/L. Cyclic 
polyethylene oxide was dissolved in a mixture of acetonitrile and water (2:3 v/v); 
whereas a-cyclodextrin, polyethylene glycol and polyethylene oxide dimethyl 
ether were dissolved in deionized water. DHB was dissolved in acetone at a 
concentration of lOOg/L. Saturated solutions of dithranol, chromoionophor IV and 
HABA were prepared using dichloromethane, THF and acetone respectively. All 
metal salts were dissolved in deionized water to give final concentrations of 5gyOL 
except copper iodide which was dissolved in pure acetonitrile. Samples were 
prepared by successive deposition of 0.5 [x\ of matrix, analyte and finally metal salt 
solutions onto the sample plate. Samples were dried in ambient conditions before 二 
insertion into the mass spectrometer. 
- - 5 9 -
5.3. RESULTS AND DlSCUSSION 
5.3.1. Protonation versus Cationization 
Table 5.2 summarizes the literature results relating to the types of 
molecule-ions formed for different analytes under MALDI conditions. There 
seems to be a pattem in which characteristic ions are formed. Transition-metal 
containing compounds generate mostly radical molecule-ions. Almost all peptides 
and proteins produce predominantly protonated and cationized molecule-ions; 
whereas oligosaccharides and synthetic polymers generate mainly cationized 
83 
species. There is an exception in which hexatyrosine was found to generate 
either (or both) protonated and cationized molecule-ions depending on the matrix 
selection. Because of the interest on this observation, the same set of experiments 
were repeated. In contrast to the results obtained in the original paper, we have 
obtained a rather different set of results. Figure 5.1 displays the molecule-ion 
regions ofthree MALDI mass spectra of hexatyrosine using (a) sinapinic acid, (b) 
a-cyano-4-hydroxycinnamic acid, and (c) 2,5-dihydroxybenzoic acid. These 
spectra were obtained without any addition of sodium iodide. Both protonated and 
cationized molecule-ion were observed with different degrees of protonation and 
cationization. Factor(s), which leads to these differences in experimental 一— 
observation, was not known. It is, however, generally accepted that sample 
preparation method and sampling position do have substantial influence on the 
general appearance ofthe mass spectrum obtained under MALDI experiments. 
From the literature results, we found that the ability of the molecules to 

































































































































































































































































































































































































































































































































































































































presence (or absence) of the nitrogen constituent within the molecules. For 
instance, all peptides and proteins contain nitrogen element and are capable of 
forming protonated molecule-ions; whereas all non-nitrogen containing 
compounds, such as oligosaccharides and many synthetic polymers, form only 
cationized molecule-ions. In order to evaluate the generality of these observations, 
we have analyzed alkyl-terminated polystyrene and amino-terminated polystyrene 
using dithranol as matrix. Figure 5.2 exhibits the MALDI mass spectra of these 
compounds. For alkyl-terminated polystyrene, only weak signals corresponding to 
the sodiated molecule-ions were observed (Figure 5.2a). For amino-terminated 
polystyrene, both intense protonated and sodiated molecule-ion signal were 
obtained (Figure 5.2b). It is therefore tentative to suggest that nitrogen element in 
the analyte molecule may be a pre-requisite for the generation of protonated 
molecule-ions under MALDI conditions. It is believed that this suggestion is only 
applicable to MALDI method as there are plenty of examples in literature to form 
protonated molecules from non-nitrogen containing compounds using other 
ionization techniques such as chemical ionization/^^ fast atom bombardment^^^ 
and electrospray ionization. ^ ^^  
5.3.2. Attachment ofDivalent and Trivalent Metal Ions 
The use of monovalent metal ions for cationization of peptides and 
polymers has been extensively s t u d i e d ” " � � i n this report, only the results 









































































































































































































































































































































































































obtained with sodium salt will be presented for comparison purposes. The utilities 
of divalent and trivalent metal ions for cationization of polymers were first 
evaluated with polyethylene glycol (PEG1000) using DHB matrix. Low molecular 
weight polyethylene glycol was selected to allow precise measurement of the 
masses of the quasimolecular ions by resolving the isotopic peaks. This allows 
easy assignment of the quasimolecular ions. Figure 5.3(a-d) exhibits typical 
MALDI mass spectra of PEG1000 using NaI, CuI, CuOC^ O3)2 and P b C N O 3 ) 2 as 
cationization reagents with DHB matrix. Table 5.3 summarized the results 
obtained. Apart from the BaCl2, SrOMO3)2 and LaQS[03)3, all metal salts display 
their characteristic cationized quasimolecular ions. For monovalent metal ions fNa+ 
and Cu+), direct attachment of the metal ions onto the neutral oligomers leads to an 
envelop of peaks with masses at (18+44n+m') where n is the number of repeating 
units in the PEG and m' is the mass of the metal salts, i.e. 23 and 63 for Na+ and 
2 j 2 I 
Cu+, respectively (Figure 5.3a and 5.3b). For divalent metal ions (Cu , Pb and 
Cd�+)，there s ems to have at least two different processes of cationization. For 
Cu2+, laser-induced reduction seems to occur prior to ion extraction and detection 
leading to the formation ofCu+. Comparing the mass spectra ofPEG1000 obtained 
using Cu+ and Cu�+ salts, identical envelops of quasimolecular ions were obtained 
(Figure 5.4a and 5.4b). It has been shown in earlier s tudies^，^ that the valence of 一 
the copper element attached to the quasimolecular ion seems to depend strongly on 
the experimental conditions used in MALDI experiments. The origin of the 
copper(I) ions observed (Figure 5.4b) in the studies remains unknown and is 
tentatively attributed to the photochemical reduction of the copper(II) into 
copper(I) ions under the impact of intense UV laser photons. For other divalent 










































































































































































































































( a ) | ^ (966.2) “ ^~~ 
a.i. “ n = 1 9 -1 23 
： ^ 丨- 1 25 
200 i � 丨 1 
100 i I 1 I 1 I 1 I I 
-.1‘“1 Vjtta^  1‘丄」1一 “.!^ •^^ Li>i>JLMm^ L<»^ L»tw»JL»»>>JW*H>»*«>Aw»^ M»*AA>»»»->A>^ «**^  
Hi^WWpM>/yp^V^ M r f i n T [ MM |MM I I I I I I I I I 1 I I I I I I ‘ ‘ ‘ I I ‘ ‘ I ‘ 
900 1000 1100 1200 1300 mIz 
( b ) | ] (1006.1) a.i. _ 21 71 - n = 19 I � 25 
400 - 丨 I 
' ^YJvrir^fArrr i^Uyj^WkWWrWW^ 
900 1000 1100 1200 1300 m/z 
( c ) | 1 (1006.0) ‘ 
- 21 23 
, . 一 n = 1 9 f^ 2S a.i. 丨 t Z � : a _ i i i U i i i j ^ 
i ^ ! ! y M ^ V T t V > f y r i V ^ r f ^ w W ' - V i ‘ I ‘ ‘ ‘ 111 ‘ ‘ 11 ‘ ‘ 11 
900 1000 1100 1200 1300 m/z 
( d ) | ^ (1149.6) a.i. - 21 23 
400 二 n = ! 9 I I 25 . 
- \ I 
一...k. ,_j ^ jK _ . , i 急-j^-^AiLjL>y^JL^-JL<>jL>>^^^><wiL>>^<jL>>> 
hrr^fVTYVp*T^^T7TfYr^^r:T"丨” ‘• • • i ‘ ‘ ‘ ‘ i ‘ ‘ i ‘ ‘ ‘ ‘ i ‘‘‘‘ 
900 1000 1100 1200 1300 m/z 
Figure 5.3. Positive-ion MALDI mass spectra of polyethylene glycol (PEG1000) 
using (a) NaI, (b) CuCl, (c) CuG^O3)2 and (d) P b ( N O 3 ) 2 as 
cationization reagents respectively. DHB was used as matrix; n is the 

























































































































































































































the adduction of the metal ions onto the deprotonated molecular ions were 
observed. The masses of the envelop peaks can be represented by an equation of 
(18+44n-H+m'). No doubly-charged quasimolecular ions were observed. It is 
therefore clearly demonstrated that cationization process(es) under MALDI 
conditions suppresses the formation of the doubly-charged quasimolecular ions. 
Although attempts to ionize the PEG1000 using BaCl2, STQ<lO3)2 and La0S[O3)3 (a 
trivalent metal salts) did not generate the expected molecular species, other 
envelops of peaks due presumably to the PEG1000 were observed in all cases. 
These signals were not generated from the attachment of impurity ions, such as 
sodium or potassium, onto the analyte molecules. From the spacing between each 
oligomer, these quasimolecular ions were confirmed to be singly charged. 
In order to verify the generality and to simplify the resulting spectrum, the 
experiments ofusing a-cyclodextrin were attempted to repeat. a-Cyclodextrin is a 
cyclic molecule with six-sugar rings linked together. Figure 5.5(a-c) exhibits 
typical MALDI mass spectra of a-cyclodextrin using Na+, Cd^^ and La�+ as 
cationization reagents with DHB matrix. Table 5.4 summarized the results 
obtained. Consistent with the results obtained in PEG1000 experiments, only 
singly-charged quasimolecular ions of a-cyclodextrin can be observed in all cases 
and is independent of the charge-states of the metal ions. It is interesting to point : 
out that multiple adduction of Cd�+ occurred with removal of an appropriate 
number of protons to yield a series of singly-charged quasimolecular ion with 
masses represented by (972+xCd-(2x-l)H), where x can be 1 to 3. a-Cyclodextrin 
formed singly-charged quasimolecular ion with La�+ through the loss of two 
protons, i.e. (972+La-2H). 
- - 6 9 --
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Figure 5.5. Positive ion MALDI mass spectra of a-cyclodextrin (a-CD) using (a) 
NaI,(b) CdCNO3)2 and (c) LaG> 0^3)3 as cationization reagents. DHB was 
used as matrix. 
Table 5.4. Quasimolecular ions of a-cyclodextrin formed by using different metal  
salts as cationization reagents.  
Metal ions Quasimolecular ions ^ Calculated m/z ^ Observed miz ^ 
LiCl [A + Li]+ 979.6 979.8 
:A + 2Li-H]+ 985.6 985.5 
NaI [A + Na]+ 995.7 995.5 
KI [A + K]+ 1011.7 1011.7 
CuI [A + Cu]+ 1036.2 1036.3 
[A + 2Cu-H]+ 1098.7 1098.8 
CuO^I03)2 [A + Cuf 1036.2 1036.1 
[A + 2Cu-H]+ 1098.7 1098.6 
BaCl2 [A + B a - H f 1109.3 1109.3 
SrQS[03)2 [ A + S r - H ] + 1059.4 1059.3 
Cd^^03)2 [A + Cd-H]+ 1084.3 1084.2 
[A + 2Cd-3H]+ 1194.7 1194.6 
[A + 3Cd-5H]+ 1305.2 1302.6 
P b ( N O 3 ) 2 [A + Pb-H]+ 1179.1 1179.5 
[A + 2Pb-3H]+ 1384.3 1384.2 
LaOS[O3)3 [A + L a - 2 H f 1109.7 1109.4 
a A = a-cyclodextrin 
b Centroids at 70% peak height 
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To evaluate the importance of labile protons for the cationization 
process(es) under MALDI conditions using di-/tri-valent metal salts, polyethylene 
oxide dimethyl ether (PE01000) was used as analyte in DHB matrix. PE01000 and 
PEG1000 shares the same repeating unit but with different end groups. In the case of 
PE01000, both of the end groups were methylated. There is no labile proton in the 
polymer chain for deprotonation. Table 5.5 summarized the quasimolecular ions 
information of PE01000 obtained by using different cationization reagents. 
Unexpectedly, envelopes of singly charged quasimolecular ions were generated using 
divalent metal salts as cationization reagents. In addition, there seems to be two forms 
ofquasimolecular ion depending on the anions of the metal salts. Figure 5.6a and 5.6b 
exhibit typical MALDI mass spectra of P E 0 1 0 0 0 using P b ( N O 3 ) 2 and P b I 2 as 
cationization reagents with DHB matrix. The peaks with cross (+) correspond to 
sodiated quasimolecular ions of PE01000. From the isotopic distribution, it was 
found that the ion peaks in the high mass region contain lead element. From the m/z 
values, it was found that ion peaks were formed with the general equations of 
[A+Pb"+(DHB-H)]^ and [A+Pb"+I]+ in the case ofPbOS[03)2 and P b I 2 , respectively; 
where A = C H 3 O - ( C H 2 C H 2 O ) n - C H 3 . The quasimolecular ions were generated by 
simultaneous attachment of a divalent metal ion and either a deprotonated matrix 
^ 
moiety or a halide anion onto the PE01000 molecule. The overall complexes remain 
singly-charged. Among the various anions investigated, bromide and iodide seem to 
have the highest affinity to form complex quasimolecular ions. 
Some of the research studies^^^ have shown that multiply charged 
quasimolecular ions could be formed for high mass polymers through multiple 
adduction ofmonovalent cations such as Li+，Na+, Ag+ and Cs+. More recently, Liu 
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Table 5.5. Quasimolecular ions of PE01000 formed by using different metal salts as  
cationization reagents .  
Metal ions Quasimolecular ions ^ Calculated m/z ^ Observed miz ^ 
LiCl [A + Li]+ 757.5 758.0 
NaI [A + Na]+ 773.5 773.6 
KI [A + K]+ 789.4 789.9 
CuI [A + Cu]+ 813.4 813.3 
C _ O 3 ) 2 [A + Cu]+ 813.4 812.9 
BaCl2 [A + Ba + (DHB-H)]+ 1041.4 1041.4 
[A + 2Ba + (DHB-H) + (DHB-2H) ]+ 1331.3 1331.3 
[A + 3Ba + (DHB-H) + 2(DHB-2H) ]+ 1621.2 1621.2 
BaBr2 [A + Ba + Br]+ 967.2 967.6 
[A + Ba + (DHB-H)]+ 1041.4 1041.7 
SrO^O3)2 [A+Sr + (DHB-H)]+ 991.4 991.7 
[A + 2Sr + (DHB-H) + (DHB-2H) ]+ 1231.3 1231.8 
[A + 3Sr + (DHB-H) + 2(DHB-2H) ]+ 1471.3 1471.8 
C d ( N O 3 ) 2 [A + Cd + (DHB-H) T 1017.3 1017.9 
CdI2 [A + Cd + I]+ 991.3 991.6 
P b ( N O 3 ) 2 [A + Pb + (DHB-H) ]+ 1111.5 1112.2 
PbI2 [A + Pb + I]+ 1085.3 1085.5 
L a ( N O 3 ) 3 [A + 2La+ (DHB-H) + 2(DHB-2H)]+ 1485.5 1485.9 
[A + 3La + 4(DHB-2H)f 1775.6 1775.7 
^A= CH3O-(CH2CH2O)n-CH3 wheren=16 二 
b Centroids at 70% peak height 
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Figure 5.6. Positive-ion MALDI mass spectra ofPE01000 using (a) PbQ^O2)2 and (b) 
PW2 as cationization reagents. DHB was used.as matrix. Peaks with cross 
(+) are sodium attached quasimolecular ions ofPE01000_ ‘ 
et al.i29 demonstrated that chromoionophor IV matrix could even induce the 
formation of multiply sodiated quasimolecular ions for relatively low mass 
polyethylene glycol and polystyrene (Mw � 4 , 0 0 0 ) . In an attempt to avoid any 
possible mass effect, additional experiments using cyclic polyethylene oxide 
(PE03000) were performed. PE03000 has the same structural characteristics as 
polyethylene glycol except from the cyclic nature of the molecule. Cyclization 
leads to the removal of the terminal hydroxyl groups and hence the deprotonation 
site for MALDI analysis. Four matrix systems, including 2,5-dihydroxylbenzoic 
acid (DHB), dithranol, 2-(4-hydroxyphenylazo)benzoic acid (HABA) and 
chromoionophor IV, were investigated. Table 5.6 summarized the results obtained. 
In case of chromoionophor IV matrix, doubly-charged quasimolecular ions o f t h � e 
PE03000 were formed from double attachment of the monovalent cations (Figure 
5.7a). In cases ofdivalent metal ions, intense signals corresponding to the sodiated 
and potassiated quasimolecular ions were observed. Signals originated from the 
attachment of divalent metal ions were not observed except in the case of lead(II) 
nitrate. For lead(II) nitrate (Figure 5.7b), small but detectable singly charged 
quasimolecular ions, which are presumably originated from the simultaneous 
adduction ofPb�+ and NO3' moieties onto the PE03000, were observed. 
Figure 5.8(a-c) display typical MALDI mass spectra of PE03000 using 
lead(II) nitrate as cationization reagent under DHB, dithranol and HABA matrices, 
respectively. Under these matrices, all the characteristic ions were formed with a 
general formula of [A+Pb"+(mH -H)]+, where mH is matrix molecule. It is also 
interesting to point out that abundant sodiated quasimolecular ions were, in many 
cases, observed even under no addition of sodium salts. The relative intensities of 
the sodiated quasimolecular ions vary from matrix to matrix, as shown in Figure 
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Figure 5.7. Positive-ion MALDI mass spectra of PE03000 using (a) NaI and (b) 
PbCNO3)2 as cationization reagents with chromoionophor IV matrix, (a) 
Peaks with cross (+) are singly charged quasimolecular ions of sodiated 
PE03000; (b) Peaks with cross (+) and diamond ( • ) are sodium and 
potassium attached quasimolecular ions ofPE03000 respectively, n is the 
number of repeating units in the oligomers. 
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Figure 5.8. Positive-ion MALDI mass spectra of cyclic polyethylene oxide (PE03000) 
using PbOS^ O3)2 as cationization reagent with (a) DHB, (b) dithranol and 
(c) HABA matrix, respectively, n is the number of repeating units in the 
oligomers; ( ) centroids at 70% peak height. Peaks with cross (+) are 
sodiated quasimolecular ions ofPE03000. 
5.8(a-c). It is not certain whether the variation of the extent of sodium attachment 
is matrix dependent or is simply a direct reflection of the amount of sodium 
impurities in the matrix materials. 
From the results presented, it is clearly demonstrated that there exists a very 
high tendency for the formation of singly-charged quasimolecular ions upon 
cationization using divalent or trivalent metal salts. There seems to have no such 
preference for samples ionized through proton attachment under MALDI 
conditions. Multiply protonated quasimolecular ions with charge number up to 13 
have been generated and detected in MALDI experiments/^®'^^^ This phenomenon 
might be important for the understanding the desorption / ionization processes of 
the analyte molecules under MALDI conditions. 
It is generally believed that the analyte quasimolecular ions are generated 
through gas-phase iony'molecule reactions between the desorbed analyte molecules 
and the matrix-derived ions" or co-desorbed metal ions.^ ®'^ ^ The preference for the 
formation ofsingly charge quasimolecular ions observed in the present study must, 
however, related to a specific ionization mechanism rather than to the gas-phase 
ion-molecule reaction (or collision-induced ionization) mechanism. The complex 
quasimolecular ions generated using divalent or trivalent metal ions cannot be 
explained by simple gas-phase ion-molecule reactions. First, there is no evidence 
for the direct desorption of the naked divalent and trivalent metal ions (absence of 
divalent / trivalent metal ion signals in the low mass regions in the MALDI 
spectra) into the gas-phase. Second, the complex quasimolecular ions formed with 
divalent /trivalent metal ions require three (or more) bodies of collision which is 
unlikely to occur at significant extent. Zhou and coworkers^°^ have proposed a pre-
protonated mechanism to explain the large preference for positive ions by peptides 
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containing basic amino acid residues. The experimental results obtained in the 
present study suggest that this pre-protonated mechanism can be expanded to 
include cationization process(es). From the exclusive formation of singly-charged 
quasimolecular ions using divalent and trivalent metal ions as cationization 
reagents, it is believed that substantial molecular pre-arrangement must occur 
during the sample preparation, in which all constituents the quasimolecular ions 
are weakly bounded with each others in solid crystals. Upon laser-induced 
disintegration of the sample surface, the complex quasimolecular ions can then be 
generated in situ and be desorbed from the condense phase. This is consistent with 
the strong influence of sample preparation methods on the success of the MALDI 
experiments. It is proposed that production of quasimolecular ions directly from 
the pre-arranged crystal lattice serves as a complimentary mode of ion formation 
and does not preclude the possible contributions from gas phase ion-molecules 
reactions. 
5.4. CONCLUSIONS 
Cationization of different classes of materials, including PEG1000, 
PE01000, PE03000 and a-cyclodextrin using divalent and trivalent metal salts 
have been demonstrated in MALDI experiments. In all cases, the quasimolecular ‘ 
ion generated are singly-charged. These singly-charged species can be formed by 
(I) adduction of the corresponding monovalent metal ions; (II) adduction of the 
divalent/trivalent metal ions with simultaneous deprotonation of the analyte 
molecules; and (III) simultaneous adduction of divalent/trivalent metal ion and an 
appropriate number of deprotonated matrix moiety (or anion of the metal salts) 
onto the analyte molecules. The experimental results indicate that ion formation 
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from MALDI conditions cannot be explained solely by gas-phase ion-molecule 
reactions. Appropriate solid state pre-arrangement of matrix, analyte and metals 
salts is needed to account for the complex quasimolecular ions generated. 
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CHAPTER SIX 
CONCLUDING REMARKS 
The prime objective of this work is to investigate the mechanism of 
formation of intact macromolecular ions under matrix-assisted laser desorption / 
ionization (MALDI) conditions. Special attention has been given to factors 
affecting the ionization process(es). After nearly ten years of development, 
MALDI technique has become one of the important desorption / ionization 
methods for the analysis of many important classes of molecules, such as 
peptides/proteins, oligonulceotides and polymers. Similar to development of many 
analytical techniques, it is believed that more and wider areas of application of 
MALDI technique can be resulted through improvements in the understanding of 
the mechanism ofion formation. Direct probing of the ion formation process(es) in 
mass spectrometry is extremely difficult, if not possible. This is especially difficult 
for probing the ion generation under MALDI conditions due to the transient nature 
of the event and the complexity of the system. Nevertheless, many researchers 
have designed and carried different interesting experiments in attempts to provide 
empirical and/or numerical data for postulation (and also simulation) of the actual 
ion formation processes. Some of them have proved to yield important information 
for understanding of the MALDI processes. Some of the published results seem, 一 
however, inconsistent with one another. 
In the present work, the mechanism of MALDI ion formation has been 
investigated in several aspects. First, the effect of pH of the matrix solution on the 
MALDI experiment has been evaluated systematically. In contrast to the earlier 
literature reports, detectable intact molecule-ions (both protonated and cationized) 
of three different target analytes, namely a-cyclodextrin, vasoactive intestinal 
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peptide and bovine insulin, have been generated at high pH by using imidazole as a 
base. With the subsequent experiments with additional sodium salts, it has clearly 
demonstrated that complete quenching of analyte ion signals was induced by high 
concentration of sodium salts and at high pH conditions, i.e. above the intrinsic pH 
of the matrix solution. There are also evidences to show that the extinction 
coefficients of matrix solutions at the laser wavelength, i.e. 337 nm, do not shift 
appreciably at higher pH conditions. Even though the proton availability would be 
depleted at higher pH, introduction of excess amount ofNa+ ions should only shift 
the mode of ionization, i.e. from protonation to cationization. It is therefore 
postulated that the signal quenching effect of NaOH is related to its strong 
perturbation effect on the matrix-analyte co-crystallization rather than the loss of 
desorption and/or ionization efficiency in deprotonated matrix moieties. 
Second, the mechanism of protonation of analyte molecules was 
investigated through the identification of various proton donors under typical 
MALDI conditions. With carefully selection of natural and deuterated analogs of 
matrix, analyte and solvent systems, various proton donors were identified. The 
exchangeable protons in the solvent molecule have been shown to participate in the 
protonation of the analyte molecules. Since the solvent molecules do not have 
significant extinction coefficients at the wavelength of the laser. It is logical to 
believe that all exchangeable protons in the system (both from matrix, solvent and 
even analyte molecules) can contribute in the protonation reaction. On the 
contrary, only non-exchangeable protons from the matrix molecule were found to 
participate in protonation reaction. This is consistent with the notion of the 
presence of high activation barrier for these protons to participate on chemical 
reaction. From these results, it is clearly demonstrated that there are multiple 
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protonation channels under typical MALDI conditions. The relative importance of 
different protonation channels is believed to depend on the chemical nature of 
matrix, analyte and solvent molecules. 
Third, the cationization process(es) of MALDI was investigated by using 
metal ions of different valences. It was noted that there exists a substantial 
difference in the tendency of multiply-charged ion formation under protonation 
and cationization conditions. No matter the valence of the cationization reagents, 
i.e. mono-, di- and trivalent metal ions, only singly-charged quasimolecular ions 
were generated. These singly-charged quasimolecular ions were formed by (I) 
adduction of the corresponding mono-valent metal ions; (II) adduction of the di-
/trivalent metal ions with simultaneous deprotonation of the analyte molecules; and 
(III) simultaneous adduction of di-/trivalent metal ion and an appropriate number 
of deprotonated matrix moiety (or anion of the metal salts) onto the analyte 
molecules. Although gas-phase cationization of the desorbed neutral analyte 
molecules has previously been demonstrated, the formation of such complex 
quasimolecular ions could not be easily accounted by using this gas-phase model. 
It is postulated that cationization of the analyte molecules can also proceed via 
multiple channels. To a better explanation of the present results, a solid-state pre-
arrangement model is needed. Appropriate solid-state pre-arrangement of matrix, 
analyte and metal salts was believed to form during the sample preparation. Upon 
photon impingement, a collective up-lift of the surface molecules would lead to the 
generation of such complex quasimolecular ions. 
In conclusion, there are substantial experimental results to demonstrate the 
existence ofavariety ofionization channels under typical MALDI conditions. The 
relative importance of each channel depends on the exact experimental conditions, 
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i.e. the selection of matrix materials, analyte molecules and solvent systems. With 
a better understanding of the relationship between the dominant ionization 
channel(s) and the experimental conditions, it is believed that more and wider 
applications ofMALDI can be obtained. 
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